Abstract-The energy spectra of X-rays with energies below 2 keV measured at atmospheric pressure with standard Xe gas detectors, such as gas proportional-scintillation counters, exhibit distortions that are related to losses of electrons and fluorescence photons to the radiation window. In this paper, a Monte Carlo simulation method that takes into account these losses investigates the use of Xe-Ne mixtures as detection media in this energy range. For a total pressure of 1 atm, energy spectra were calculated for nine mixtures with Xe concentrations varying from 10% to 100%. The results have shown that the addition of Ne to Xe significantly reduces distortion and improves the energy resolution of the full energy peaks.
I. INTRODUCTION
X ENON-filled gas proportional-scintillation counters (GPSCs) are used in many applications in the detection of soft X-rays, where their energy resolution can be superior to solid-state detectors when large window areas are required [1] , [2] . However, the performance of a GPSC can deteriorate for X-rays with energies lower than 2-3 keV, a range where spectra may exhibit a significant tail toward the low-energy region, as has long been detected experimentally [3] , [4] . This effect is related to the loss to the detector window of some of the electrons and fluorescence photons produced by the interaction of the incident X-ray photons with the atoms of the gas, since for these low energies the absorption depth of X-rays in Xe can be very low. One way to overcome this problem is to use of a driftless GPSC [5] , a solution that implies the use of sophisticated electronics and signal processing. For a standard GPSC geometry, an alternative is the use of stronger electric fields in the absorption region. A study for Xe carried out in our group using a Monte Carlo simulation method [6] and GPSC measurements [7] showed that this could lessen the effect, although it is always present to some degree. Another method to minimize the effect is the addition of a lighter noble Publisher Item Identifier S 0018-9499(02)06130-0. Fig. 1 . Ne, Ar, and Xe photoionization cross-sections and absorption lengths L = 1=( N) as a function of the X-ray energy E (N is the gas number density at p = 760 Torr and T = 293 K).
gas to the Xe detector filling, since this will increase the X-ray absorption depth . Helium is not a good choice since it easily permeates the detector and photomultiplier windows. Comparing the Ne and Ar photoionization cross-sections and absorption lengths represented in Fig. 1 with those for Xe, Ne appears as the best option above 250 eV. Below this energy, the lower cross-section and higher belong to Ar, so in this short range Ar will be preferred. We note that although the increase in as we go from pure Xe to the pure lighter gas is accompanied by an increase in the range of the electrons in the cloud, increases faster than the cloud dimensions, and the cloud is expected to be formed further away from the window.
Using Monte Carlo simulation, we have analyzed in previous work the scintillation yields, -values, Fano factors, and energy resolutions for the absorption of X-rays with keV in Xe-Ne mixtures [8] , [9] and compared the results for 5.9 keV with GPSC measurements [8] . However, these calculations did not then take into account the losses that may occur at the lower energies due to the presence of an entrance window. This is done in this paper, which investigates the absorption of X-rays and analyzes the energy X-ray spectra in the range keV in Xe-Ne mixtures, using a Monte Carlo simulation.
0018-9499/02$17.00 © 2002 IEEE Fig. 2 . Flowchart of the Monte Carlo simulation of the absorption of an incident X-ray photon of energy E and the production of n subionization electrons in a Xe-Ne gas mixture. " is the electron energy, I is the Xe ionization potential, and PI, AI, HI, and TI are acronyms for Penning, associative, Hornbeck-Molnar, and transfer ionization, respectively.
II. MONTE CARLO SIMULATION
The simulation model used in this paper is summarized in the flowchart of Fig. 2 . It is based on previous simulation models we used for the absorption of X-rays and drift of electrons in Xe-Ne mixtures [8] , and in pure Xe [6] , which in this case included the effect of the backscattering to the window. The cross-sections and other data used in the presentsimulations can befound in these references. The simulation reproduces in detail the photoionization of the gas atoms and the vacancy cascade decay of the residual ions, a process involving the emission of Auger/Coster-Kronig and shakeoff electrons as well as X-ray fluorescence photons. Fluorescence reabsorption within the gas is allowed. The angular distribution of the photoelectron emission-peaked at approximately 90 to the X-ray incidence for low-energy X-rays-is considered. The Auger and fluorescence emission are assumed to be isotropic. The null collision method is used to follow the electrons along their parabolic free paths and multiple elastic and inelastic collisions, until all electrons reach subionization energy. In each case, a sample of X-ray photons with energy is considered to be absorbed in the gas, and the corresponding energy spectra are calculated as frequency plots of the number of primary (subionization) electrons produced in the gas per absorbed X-ray photon.
A. Simulation Results
Energy spectra were computed for X-ray energies between 200 and 2000 eV for Xe-Ne mixtures at atmospheric pressure with 10, 20, 40, 70, 80, 85, 90, 95, and 100% Xe concentrations. Two spectra were computed for each mixture, one neglecting and the other including the losses of electrons and fluorescence photons to a detector window at . Fig. 3 represents the Monte Carlo spectra calculated neglecting the losses to the window for the absorption of eV X-rays in Xe and in mixtures with 10, 40, and 70% Xe concentrations. We note that the position of the peak shifts as the composition of the mixture varies, in agreement with the increase of the -value as we go from pure Xe ( eV) to pure Ne ( eV) [8] , [9] . In Fig. 4 , two energy spectra are presented for the absorption in pure Xe of the X-ray energy eV. Note that the en- (tail starting-point) is significant and corresponds to events where an outer atomic shell is photoionized and the photoelectron hits the window before multiplication occurs.
The areas below the undistorted and the distorted spectra, and , respectively, give the number of X-ray events ( ). If we define as the common area under the two spectra, then represents the number of events that move off the full energy peak when losses are taken into account. Using these areas, we define the parameter , a measure of the intrinsic distortion of the spectra due to the presence of the window. Fig. 5 depicts the Monte Carlo energy spectra calculated taking into account the losses to the window for eV X-rays in Xe and in mixtures with 40% and 10% Xe. The continuous curves were obtained with the optimum drift field for GPSC operation in each case [10] . must be lower than the threshold for scintillation and, for a given mixture, is the field that optimizes the energy resolution, corresponding to a compromise between maximum grid transmission and minimum electron diffusion. The dotted curve for pure Xe was obtained using the highest field allowed in the drift region of a 1 atm pure Xe GPSC, V/cm, which is the scintillation threshold for Xe at that pressure.
The addition of Ne to Xe always reduces the tail, a trend that is observed for all the energies studied. The improvement that can be achieved in Xe by increasing the drift field can be compared with the effect of adding Ne to Xe: we note that the 40% Xe-60% Ne mixture is sufficient to give a higher peak in the full energy region than the case where is used. In Fig. 6 , the distortion parameter for different X-ray energies is shown as a function of Xe concentration in the Xe-Ne mixtures. As expected, the addition of Ne always reduces , the effect being more pronounced for eV (Xe M ) and 869 eV (Ne K ). In Fig. 7 , is represented as a function of for different mixtures, showing that is discontinuous near the absorption edges of the photoionization cross-section , where the X-ray penetration length suddenly decreases ( for the 20% Xe-80% Ne mixture is shown).
Let us now define as tail and full-energy peak the contributions to the spectrum that count, respectively, the events for which losses did and did not occur. In Fig. 8 , the calculated tail and full-energy peak are represented for the case of the eV Monte Carlo spectrum ( ) in a 10% Xe-90% Ne mixture. The full-energy peak exhibits a slight skewness, identical to the spectrum where losses were neglected ( ), an effect that we previously investigated for the full-energy spectra in pure Xe [11] , [12] . This skewness is also visible in the spectra in Fig. 3 , which includes full-energy peaks for several Xe-Ne mixtures when losses are neglected.
The calculations have shown that the energy resolution of the full-energy peaks tends to improve with increasing Ne concentration, as is shown in Fig. 9 , where is repre- Fig. 8 . Monte Carlo energy spectra for the absorption of 10 X-ray photons with energy E = 697 eV in a 10% Xe-90% Ne mixture, neglecting (A ) and taking into account (A ) the losses to a window at z = 0. The tail and the full-energy peak are the two contributions to A that count, respectively, the events for which losses did and did not occur. sented as a function of mixture composition. The values were calculated as , where is the full-width at half-maximum and is the centroid position. Fig. 10 shows as a function of for the 20% Xe-80% Ne mixture. We observe that exhibits clear discontinuities, which again occur at the absorption edges. Finally, considering the absorption of and 869-eV X-rays in pure Xe and in three Xe-Ne mixtures, we compare in Table I the X-ray absorption depths with the Monte Carlo longitudinal dimensions of the electron clouds produced in each case. The values were obtained neglecting any losses, and they represent the longitudinal spread of the electrons in the primary electron cloud, measured between the points where electron density drops to 1% of its maximum value. The results for the ratio confirm that grows faster than for increasing Ne concentrations, as was mentioned in Section I, confirming that the addition of Ne to Xe does in fact lead to a progressive removal of the electron cloud away from the entrance window. This behavior is consistent with the improvement in the electron collection and the reduction in peak distortion shown by the calculated energy spectra.
III. CONCLUSION
A Monte Carlo study of the absorption of X-rays with energies below 2 keV in Xe-Ne mixtures at atmospheric pressure was made, taking into account the losses to a detector radiation window at . A distortion parameter was defined as the fraction of the number of X-ray events that move off the full-energy peak when losses are taken into account. The calculations have shown that decreases with increasing Ne concentration in the mixtures, the effect being more pronounced for X-ray energies near the Xe and Ne photoabsorption edges. Furthermore, the simulation has shown that the energy resolution of the full-energy peaks also improves with the addition of Ne. We define as tail and full-energy peak the two components of a Monte Carlo spectrum that count the events where losses did and did not occur, respectively. We conclude that Xe-Ne GPSC detectors are in principle a good alternative to pure Xe driftless GPSCs, since the simulation has shown that the use of Xe-Ne reduces the losses to the window and the resulting distortion of the theoretical spectra and improves the energy resolution of the full-energy peak. In addition, Xe-Ne detectors will require lower voltages and simpler electronics.
Measurements with a Xe-Ne GPSC and with a proportional counter are in progress to investigate experimentally the performance of Xe-Ne mixtures as gas fillings for the detection of low-energy X-rays.
